o 
o 

© 

© 




PATENT SPECIFICATION 

DRAWINGS ATTACHED 



940.900 



Date of Application and filing Complete Specification: Feb. 21, 1962. 
No. 6800/62. 

Application made In United States of America (No. 92354) on Feb. 28, 1961. 
Complete Specification Published: Nov. 6, 1963. 
© Crown Copyright 1963. 



Index at acceptance Class Hi, BP. 
International Classification :^H 01 ni. 



10 



15 



20 



We, General Electric Company, a cor- 
poration organized and existing under the 

W f ? C ? tete of New York > United 

a 7 J $ £ ew Yoxk > Uni ted States of America, 
ao hereby declare the invention, for which 
we pray that a patent may be granted to us, 
and die method by which it is to be per- 
formed, to be particularly described in and 

□y the following statement: 

This invention relates to fuel cells and 
more particularly to high temperature fuel 
ceUs in which the cathode is in liquid state 
and the electrolyte and anode are in solid 
state during cell operation, 

\JWiere electrical energy is generated from 
the heat of chemical reactions, a fuel is gen- 
cralty oxidized by air and the chemical energy 
of the fuel is converted into heat and mech- 
anical energy. This heat and mechanical 
energy is then used in gas turbines or steam 
turbines connected to conventional dynamo- 
electric generators to provide the electrical 

e ?. er 3£ ? eeded - Xt is seated that the over- 
's:) aU .efficiency of this conversion is less than 
50 per cent. 

In order to avoid inefficiency in this type 
of electricity generation, it has been proposed 
to employ fuel cells to convert the chemical 
energy of the fuel directly into electrical 
energy without the conversion of the energy 
of the fuel into heat and mechanical energy. 
While carbon fossU fuels would be 
desirable in fuel cells, they are not readily 
thought into a form suitable for electro- 
nical reaction. For example, coal poisons 
the electrodes of a fuel cell by its chemical 
impurities. A further problem is the require- 
ment for a suitable electrlyte for the suc- 
cessful! operation of such a cell 

High temperature fuel cells would be 
advantageous to provide a low voltage direct 
current power source on a continuous basis. 
5uch cells should employ preferably a carbon- 
aceous fuel, exhibit stability and efficiency 
andJ^low_in cost These cells would have 
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application in various chemical process in- 
dustries, such as the manufacture of aluminum 
and the electro-refining of copper. Further- 
more the operation of direct current motors 
could be accomplished with these cells, 
waste heat can be employed effectively to 
operate the cells. 

It is an object of the invention to provide 
a high temperature fuel cell which employs a 
carbonaceous fuel, a cathode which is in 
liquid state during operation, a solid electro- 
lyte, and a solid, porous carbonaceous anode. 

In accordance with the invention, a high 
temperature fuel cell employs a silver cathode, 
said cathode characterized by being in liquid 
state during cell operation at high tempera- 
tures, means for supplying a gaseous oxidant 
to said cathode, a solid stabilized zirconia 
electroylte, one surface of said electrolyte in 
direct, contact with said cathode^ means for 
providing a carbonaceous fuel, and the other 
surface of said electrolyte in direct contact 
with said second means. 

These and various other objects, features, 
and advantages of the invention will be better 
understood from the following description 
taken in connection with the accompanying 
drawing in which: " * 

Fig. 1 is a sectional view of a high tem- 
perature fuel cell embodying the invention; 

Fig. 2 is a sectional view of a modified 
high temperature fuel cell; 

Fig. 3 is a sectional view of another modi- 
fied high temperature fuel cell; and 

Fig. 4 is a sectional view of another modi- 
fied high temperature fuel celL 

In Fig. 1, a high temperature fuel cell 10 
is shown which comprises a container 11, for 
example, of alumina or carbon in which is 
positioned a second container 12 of stabilized 
zirconia, the ceil electrolyte. A porous carbon- 
aceous electrode 13 is positioned in container 
11 and is in direct contact with container 12. 
A silver electrode 14 is positioned within and 
m direct contact with second container 12. A 
lead 15, such as of carbon, contacts electrode 
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13 by being inserted therein while a lead 16, 
such as of stainless steel, contacts electrode 

14 in a similar manner. One end of lead 16 
is inserted in die silver electrode and the other 

5 end is connected to apparatus (not shown) 
being operated by the celL Lead 16 can be 
encased by insulation 17* The free end of 
lead 15 is connected in a similar manner to 
the same apparatus to complete the circuit 

10 from oil 10. Means are provided for supply- 
ing a gaseous oxidant in dse form of air or 
oxygen to silver electrode 14. For example, a 
tube 18 of zirconia, alumina or stainless steel 
is inserted into electrode 14 and connected 

15 to an oxidant supply (not shown). Carbon- 
aceous material is supplied to carbonaceous 
electrode 13. For example, an inlet line 26 pro- 
vides a hydrocarbon gas, such as methane 
or propane to cell 10 wherein the gas is 

20 thermally decomposed to carbonaceous 
material which is supplied to carbonaceous 
electrode 13. An outlet line 27 removes the 
carbon monoxide which forms during opera- 
tion at electrode 13. Thus, electrode 13 and 

25 the additional carbonaceous material provide 
the carbonaceous fuel for the cell 

In Fig. 2, a modified high temperature fuel 
cell is shown which comprises a solid stabilized 
zirconia electrolyte 20 in the form of a hollow 

30 tubular member, a silver electrode 21 in 
direct contact with the exterior surface of 
member 20 so as to net the electrolyte when 
molten and be returned thereon, and a por- 
ous carbonaceous electrode 22 in direct con- 

35 tact with the interior surface of member 20. 
The. electrodes can be reversed with the 
silver electrode in direct contact with the 
interior surface of* member 20 while the 
carbonaceous electrode is in direct contact 

40 with the exterior surface thereof. A silver 
lead 23 is attached to silver electrode 21 
while a carbon lead 24 is attached to carbon 
electrode 22. The free ends of the leads are 
connected to apparatus (not shown) being 

45 operated by the cell. Means are provided for 
supplying a gaseous oxidant in the form of 
air or oxygen to silver electrode 21. For ex- 
ample, a tube 25 connected to an oxidant 
supply (not shown) supplies oxidant to dec- 

50 trode 21. Carbonaceous material is supplied 
to carbonaceous electrode 22. For example, 
an inlet line 28 provides a hydrocarbon gas, 
such as methane or propane to the cell wherein 
the gas is thermally decomposed to carbon- . 

55 aceous material which is supplied to carbon- 
aceous electrode 22. An outlet line 29 re- 
moves the carbon monoxide which forms during 
operation at electrode 22. Thus, electrode 22 
and the additional carbonaceous material 

60 provide the carbonaceous fuel, for the cell. 
In Fig. 3> a further modified high tem- 
perture fuel cell is shown which comprises a 
container 11, for example, of alumina or 
carbon in which is positioned a second con- 

65 tainer 12 of stabilized zirconia. A silver elec- 



trode 14 is positioned in second container 12 
which is the solid electrolyte in cell 10. One 
end of a lead 16, such as of stainless steel, 
is inserted in the silver electrode and the 
other end is connected to appartus (not shown) 70 
being operated by the cell. Lead 16 can be 
encased by insulation 17. Carbonaceous 
material is supplied to the other surface of 
the second container 12. For example, an 
inlet line 26 provides a hydrocarbon gas, 75 
such as methane or propane to the cell wherein 
the gas is thermally decomposed to carbon- 
aceous material which is supplied to the 
exterior surface of container 12 as at 30 to 
provide an anode. An outlet line 27 removes 80 
the carbon monoxide which forms during 
operation of the anode. A carbon lead 15 
contacts anode 30 by being positioned adjacent 
electrolyte 12 and its free end is connected 
to the same apparatus to complete the circuit 85 
from the cdL Thus, the carbonaceous material 
provides the carbonaceous fuel for the cell. 
Means are also provided in form of tube 18 
for supplying a gaseous oxidant to silver 
electrode 14. 90 

In Fig, 4, a further modified high tem- 
perature fuel cell is shown which comprises 
a solid stabilized zirconia electrolyte 20 in 
the form of a hollow tubular member, and a 
silver electrode 21 in direct contact with the 95 
exterior surface of member 20, the silver 
when molten melting the electrolyte and be- 
ing retired thereon. Carbonaceous material 
is supplied to the interior surface of member 
20. For example, an inlet line 28 provides a 100 
hydrocarbon gas, such as methane or propane 
to the cell wherein the gas is thermally de- 
composed to carbonaceous material which is 
supplied to the interior surface of member 
20 as at 31 to provide an anode. An outlet 105 
line 29 removes the carbon monoxide which 
forms during operation of the anode. Thus, 
the carbonaceous material provides the 
carbonaceous fuel for the celL The electrodes 
can be reversed with the silver electrode in 110 
direct' contact with the interior surface of 
member 20 while the carbonaceous anode is 
in direct contact with the exterior surface 
thereof. A silver lead 23 is attached to silver 
electrode 21 while a # carbon lead 24 con- 115 
tacts anode 31 by being positioned adjacent 
electrolyte 20. The free ends of the leads 
are connected to apparatus (not shown) being 
operated by the celL Means are provided for 
supplying a gaseous oxidant in the form 120 
of air or oxygen to silver electrode 21. For 
example, a tube 25 connected to an oxidant 
supply (not shown) supplies oxidant to elec- 
trode 21. 

In accordance with, the invention it has 125 
been found that an efficient, stable fuel cell 
could be constructed and operated in the tem- 
perature range of 1000°C to 1200°C to 
provide a low voltage direct current power 
source. A preferred cathode is silver to which 130 



an i oxidant is supplied during cell operation. 
The invention disclosed further that a^arbon- 
aacus fuel provided a suitable anode for the 
celL The carbonaceous fuel is provided in the 
rorm of a porous carbonaceous electrode, a 
porous carbonaceous electrode and additional 
carbonaceous material, or carbonaceous 
material. The cathode is characterized 

in 2a ! m hq ? d state Md the electroylte 
10 and anode are cbacaterized by being in solid 
state during cell operation at high tempera- 
tures. A carbon lead contacts the anode while 
a stainless steel lead enclosed substantially 
in insulation is inserted in the silver electrode. 

^iT^ na, L 2irc ? nia or sinless steel tube 
mserted in the silver electrode as shown in 

J and J or such a tube directed 
toward tins electrode as shown in Figs. 2, 4 

20 iSi pnmd< ? °- Xygen or air » to silver in 
molten state during cell, operation. 

. Solld » "stabilized" zirconia is an oxygen 
ion transport medium which can be used as 

S ^Sfe Sn uch a ^ temperature fuel 
25 Stab . , . Ilzed arcoma is a compound 

* ^ struc£ure consisting of 

^ ». added oride, 
X P"" 1 .°f' d ^ or mixed rare earth oxides 
SubsantiaUy pure zirconia, that is a com- 

30 ™ ^flinic structure which is 
30 not stabilized" by the addition of the above 

Sfn' .^P 6 "? 1 ^. volume changes when 
cycled thermally with resultant shattering of 
the material. Furthermore, substantially pure 
zirconia is not a low resistance ionic con- 
35 doctor. "Stabilized" zirconia is resistant m 
large volume changes upon thermally cycling 

«?«*Mi«ay stable. Additionally, 
stabilized" zirconia serves as an oxygen ion 

40 £S rt medium by virtue of the anion 
40 vacancies generated in the zirconia 

structure upon catonic substitution of 

calcium or zirconia. Each substitution of a 

divalent calcium ion for a tetravalent zir- 

-is th™,'?^ 0 "} a dMU 8e unbalance in 
45 the crystal that is redressed by the absence of 
a divalent oxygen ion from a normally occu- 
pied anion site in the lattice. The concentra- 
°3 vacancies is thus equal to the con- 
5ti caIaun l ions in the zirconia. 

rf^i 1 !i m0 , Vem ^ of an ox y&* ion vacancy 
through the lattice is the converse of an oxy- 
gen ion movement in the opposite direction, 
a t^vdy high; degree of 'oxygen mobim? 
can be realized *at fuel cell operating tern- 
55 peratures where the ion-vacancy interchange 
occurs readily. A flux of oxygen through the 
stabilized zirconia lattice is effected by the 
e^bhshmem of an electric field resulting from 
the chemical potential difference for oxygen 
60 existing across the crystal. The resultant rela- 
nvely good conductivity, coupled with chemi- 
cal stability and strength of the stabilized 
f' r f°?' a Provider* very satisfactory electro- 
de ^SeT?-!^ temperature fuel cells. 
65 "Stabilized" zirconia is an item of 



merce, and is described in "Oxide Ceramics" 
by Eugene Ryshke witch published 1960 by 

A « d ^J c P ^ New York and London page! 
354, 364 and 376. v 6 

In the operation of fuel cell 10 in Fie 70 
1, heat, such as waste heat, is supplied from 
a source (not shown) to raise the temperature 
of electrodes 13 and 14 of cell 10 hi the 
range of 1000°C to 1200<>C. The molten 
silver cathode is then saturated with oxygen 75 
by bubbhng air or oxygen through tube 18 
into hquid electrode 14. Carbonaceous fuel 
is supplied through tube 26 to provide carbon 
for dectrode 13. The reaction at the cathode- 
electrolyte interface is as follows: 80 

(1) O + 2e 0= 

The oxygen ion moves through electrolyte 12 
to combine with carbon in accordance with 
terface- 0Wlng reacnon at anode-electrolyte in- 
(2) C + 0=* -> CO + 2e 



85 



com- 



The electrons, which are given up at the 
anode are conducted through lead 15 to the 
apparatus (not shown) being operated while 
the oxygen at die cathode combines with the 90 
returning electrons. The carbon monoxide 
which is generated at the anode is released to 
the atmosphere, used to provide further heat 
for cell 10, or feed to a fuel cell employing 
carbon monoxide as a fuel. Such release can be 95 
through a por£ valve or line (not shown). 
The cell of Fig. 2 operates m the same 
manner as cell 10 in Fig. 1 except that a tube 
25 supplies a gaseous oxidant to liquid silver 
electro*; 14 during cell operation. 100 

In the operation of the cell in Fig 2 a 
carbonaceous electrode 13 and carbonaceous 
material supplied through tube 28 provide 
the carbonaceous fuel. The carbonaceous 
material is supplied from a hydrocarbon gas 105 
or from a carbonaceous vapor to electrode 22. 
Reasons (1) and (2) apply also to the opera- 
tion of this celL 

In the operation of the cells diown in Figs. 
5 and 4, the carbonaceous material is supplied HO 
from a hydrocarbon gas or from a carbon vapor 
through inlet 26 or 28 to one surface of 
electrolyte 12 or 20 to form anode 30. Re- 

S"reul (2) 0CCUr m °P cra tion of 

A plurality of high temperature fuel cells 
were made in accordance with the present 
invention. In Table I, in which these cells are 
identified by cell numbers, mere is set forth 
for each cell its anode material, operating 120 
temperature, load voltage in volts, current 
density in mUliamperes, and operating time. 
Etectncal leads were connected to both elec- 
trodes and the power generated by the cell 
was dissipated in a simple decade resistor. 125 
Each ceil was heated to its operating tem- 
perature in a resistance furnace. 
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Table I 

Current 



Cell 
No. 


Anode 


Temp* 

or* 


Load 
Voltage (V) 


Density 
(ma/cm 5 ) 


Time 
(Hours) 


1 


Coal 


1060 


.65 


6.0 


2 


2 


Graphite powder 


1150 


.50 


4.0 


64 


3 


Graphite powder, 
Natural gas and Ha 


1020 


.68 
.62 


3.0 
24.0 


1 

• 

48 


4 


Granhite Dowder, 
Natural gas and H 2 


1080 


5 


Graphite powder, 
xsamrax gas ana xig 


1130 


.81 


61.0 


180 

• 


0 


rropane 




70 


21.0 

• 


2 


7 


IT [ i t n ■ jm_ 

rropane 


lwOv 


70 


3.0 


672 


A 

o 


Natural gas 


1140 


61 


52.8 


400 


Q 


xSalUiai gas 


1150 


.63 


10.0 


24 


in 


^Jot ii rill <mc 


1130 

A A«*V 


.70 


13.0 


250 


1 1 
li 


XXallUal goo 


1117 


.70 


70.0 


60 


10 • 

tit 


IN alula! gao 


1050 


.80 


4.0 


20 


13 


Natural gas 


1045 


;70 


6.0 


5 


14 


Natural gas 

• 


1350 


.76 

• 


15.0 


20 


15 


Natural gas 


1130 


.70 


2.0 


1 


16 


Natural gas 


1150 


.60 


30.0 
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WHAT WE CLAIM IS:— 

1. A fuel cell for operation at high tem- 
perature having a carbon containing fuel 

5 supply connected to a first electrode and an 
oxidant supply connected to a second electrode, 
the said fuel cell comprising a solid electrolyte 
of stabilized zirconia separating the first elec- 
trode which is molten during cell operation 

10 and a solid porous carbonaceous electrode. 

2. A fuel cell in accordance with Claim 1 
wherein the first electrode is of silver. 

3. A fuel cell in accordance with claim 1 
or 2 wherein a gaseous carbonaceous fuel 

15 is employed. . 

4. A fuel cell in accordance with Claim 3 
wherein the porous carbonaceous electrode is 
formed on the surface of the zirconia elec- 
trolyte by decomposition of the carbonaceous 

20 fueL 

5. A fuel cell in accordance with any of 



the preceding claims wherein the oxidant is 
gaseous. 

6. A fuel cell in accordance with Claim 5 
wherein the gaseous oxidant is supplied by 25 
means of a tube inserted into the silver 
electrode. 

7. A fuel cell in accordance with any of the 
preceding claims wherein electrical leads are 
provided in contact with the respective elec- 30 
trodes. 

8. A fuel cell in accordance with any of . 
the preceding claims comprising a container, 

a second container consisting of the solid 
stabilized zirconia electrolyte positioned within 35 
the first container, one of the electrodes being 
positioned in the fust container in contact 
with the second container and the other 
electrode being positioned in the second con- 
tainer. 40 

9. A fuel cell in accordance with any of 



Claims 1 to 7 comprising a hollow tubular 
member of stabilized zirconia, the first elec- 
trode being positioned on die exterior surface 
of the stabilized zirconia member, and the 
5 second electrode being positioned on the in- 
terior surface of the stabilized zirconia mem- 
ber. 



10. A high temperature fuel cell substan- 
tially as described with reference to the 
drawings. 10 

ALLAM & TREGEAR, 

Chartered Patent Agents, 
2 & 3 Norfolk Street, Strand, London, W.G2. 

Agents for the Applicants. 
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